Background--Reciprocal relationships between endothelial dysfunction and insulin resistance result in a vicious cycle of cardiovascular, renal, and metabolic disorders. The mechanisms underlying these impairments are unclear. The peptide hormones prokineticins exert their angiogenic function via prokineticin receptor-1 (PKR1). We explored the extent to which endothelial PKR1 contributes to expansion of capillary network and the transcapillary passage of insulin into the heart, kidney, and adipose tissues, regulating organ functions and metabolism in a specific mice model.
Endothelial dysfunction also contributes to the impairment of insulin function by altering the transcapillary passage of insulin to target tissues. 2 Lower levels of capillary network expansion, with an attenuation of microcirculatory blood flow to metabolically active tissues, contribute to the impairment of insulin-stimulated glucose and lipid metabolism. 3 Therapeutic interventions improving endothelial function have been shown to decrease metabolic and cardiovascular abnormalities in animal 4 and clinical investigations. 5 The identification of endothelial factors linking cardiovascular and metabolic disorders is therefore important to understand the pathogenesis of metabolic syndrome. Prokineticins are potent angiogenic factors. Prokineticins 1 and 2 are widely distributed in mammalian tissues 6 and human blood cells. 7 They act as survival/mitogenic factors in various cell types, including endothelial cells (ECs), 8 neuronal cells, 9 lymphocytes, hematopoietic stem cells, 10 and cardiomyocytes. 11 They exert their biological effects by stimulating 2 closely related receptors, prokineticin receptor-1 (PKR1) and PKR2. 12, 13 Both receptors use several G protein-signaling pathways and are ubiquitously expressed in mammalian tissues. [12] [13] [14] A different role of prokineticin-2 has recently been described in ECs: the activation of PKR1 signaling promotes angiogenesis, and the activation of PKR2 induces fenestration in cardiac ECs. 15 Moreover, the 2 receptors may have different expression profiles. For example, human aortic ECs express only PKR1, and human hepatic sinusoidal ECs express only PKR2. However, the extents to which endothelial prokineticin signals affect heart, kidney, and adipose functions and the contribution of angiogenesis and insulin uptake to particular diseases have yet to be investigated.
The objectives of the present study were to determine the role of the endothelial PKR1 in cardiovascular, renal, and metabolic hemostasis with particular emphasis on endothelial proliferation as a first step of angiogenesis and transcapillary insulin transport. We generated a vascular EC-specific PKR1 knockout mouse (ec-PKR1
À/À ) with the Cre-loxP system and demonstrated how PKR1 loss leads metabolic, cardiovascular, and renal disorders. Our data support the emerging concepts that the endothelium is a useful potential target for treatments to combat insulin resistance, diabetes, and cardiovascular diseases.
Methods

Generation of ec-PKR1
À/À
The ec-PKR1 À/À were generated using the Cre-loxP system.
Mice harboring a PKR1 gene flanked by loxP sites (PKR1 lox/lox ) were bred with transgenic mice expressing the Cre recombinase under control of the tie2 promoter-enhancer. The latter mice (B6.Cg-TgTie2-Cre 12F1v/J) were purchased from the Jackson Laboratories. Earlier studies on tie2-cre transgenic mice have shown that tie2 expression is limited to vascular ECs and endocardial cushions. 16 Note that PKR1 is not expressed in the endocardial cushions. 11 As a result of this breeding, all mice in these experiments have a C57Bl/6 genetic background. PKR1 lox/lox mice, in which exon 2 of the PKR1 gene is flanked by loxP sites, have been previously described. 17 In the progeny of this cross, all mice have a tie2-Cre:PKR1 lox/WT genotype. The resulting mice were bred with PKR1 lox/lox mice to generate tie2-Cre:PKR1 lox/lox mice (named, for the sake of simplicity, ec-PKR1 À/À as they harbor a homozygous deletion of PKR1 in ECs). Littermates from the same breeding pairs PKR1 lox/lox mice without tie2-Cre transgene (L2/L2) were used as controls. Animals were housed on a 12-hour light/dark cycle and were fed a standard rodent chow. Note that the life span of the mutant mice was reduced by 11%. All protocols for animal use, surgery, and euthanasia were reviewed and approved by the French Animal Care Committee and were in accordance with European guidelines. All experiments were carried out in male mice (%150 mice) at the different ages (6, 12, 24 , and 36 weeks).
Isolation and Culture of ECs
ECs were isolated by using a magnetic labeling procedure using Dynabeads (Invitrogen) and a biotinylated antibody against an EC surface antigen (the vascular endothelial growth factor receptor FLK1; eBioscience), as described in the manufacturer's protocol. 18 Mouse aorta, heart, kidney, and adipose tissues were removed from control and ec-PKR1
À/À mice, cut into pieces (%1 mm 3 ) in buffer ([in mmol/L] NaCl 116, KCl 0.8, NaH 2 PO 4 1, glucose 5.5, HEPES 20) containing 0.5 mg/mL collagenase type V and 1 mg/mL pancreatinine and incubated for 45 minutes at 37°C. After digestion, ECs were labeled with the Flk1 antibody and separated from the remainder of the cells and debris through capture with magnetic beads. ECs were then cultured in DMEM Glutamax (Invitrogen) containing 4.5 g/L glucose and 20% fetal calf serum, nonessential amino acids, 2 mmol/L glutamine, 10 lg/mL heparin, 100 lg/mL endothelial cell growth supplements (ECGS) (Tebu-Bio). EC identity was confirmed by positive staining with a platelet-endothelial cell adhesion molecule (PECAM-1) antibody (Santa Cruz Biotechnology). Primary mouse cardiac glomerular ECs were also purchased from Cellbiologics Inc and used up for to 3 passages. Bone marrow cells were isolated from mice pelvic and femoral bones as described (www.bi-protocol.org). Cell proliferation and in vitro angiogenesis assays were performed as previously described. 15 Insulin uptake in ECs in vitro 19 and vivo 20 was performed as described. ECs were incubated with serum-free medium for 6 hour at 37°C, followed by incubation with 100 nm/L FITC-insulin (Invitrogen) for the indicated time period (0 to 30 minutes) at 37°C. Next, the cells were fixed in methanol at À20°C for 10 minutes, and blocking of antigenic sites was performed with PBS containing 10% donkey serum and 0.5% Triton X-100 for 1 hour at room temperature. Cells were incubated with the primary antibody (rabbit polyclonal anti-FITC, 1:100 dilution; Invitrogen) overnight at 4°C, and with a secondary Alexa488-conjugated antibody for 1 hour at room temperature. 19 Cells were washed and mounted with Vectashield (Vector laboratories) containing DAPI and then analyzed by fluorescence microscopy. Fluorescence intensity of individual cells reflecting FITC insulin uptake was quantified using the National Institutes of Health ImageJ 1.37v software. At least 10 cells in 5 high-power microscopy fields (940) were analyzed for each time point (0 to 30 minutes). For in vivo insulin uptake analysis, 100 mU/kg body weight FITC-insulin was injected intravenously. Mice were killed 10 minutes thereafter, and their tissues were collected and cryoconserved. For the time zero point, after non-FITC-labeled insulin injection, the mice were immediately killed and and their tissues were collected and cryoconserved. Immunostaining for FITC and PECAM-1 was performed on sectioned tissues. Images were acquired at a resolution of 102491024 pixels and stored in 24-bit tagged image format file format. Fluorescence intensity of individual blood vessels reflecting FITC-insulin uptake was quantified using ImageJ software. At least 5 blood vessels in 5 high-power microscopy fields (940) were analyzed.
Histological and Electron Microscopy Analyses
For histology, organs were removed from 3-, 12-, or 24-weekold mice, dissected, and frozen for cryosectioning (5 lm), and the sections were stained with Mallory tetrachrome. For electron microscopy, all organs were fixed by immersion in glutaraldehyde, postfixed by incubation in osmium tetroxide, and embedded in epoxy resin, using routine methods.
11,21
Glomerular pathology analyses were based on the assessment of 50 glomeruli analyzed on kidney cross sections. Tubule damages (consisting of at least one of the following: dilatation, atrophy, necrosis) were assessed by scoring 100 proximal tubules on kidney cross sections on randomly chosen high-power microscopy fields (940).
Echocardiography and Blood Pressure Assessment
Systolic function in 12-and 24-week-old male mice (n=6 for each group) was assessed by echocardiography in M-mode (Sonos 5500, Hewlett-Packard, with a 15-MHz linear transducer) and 2-dimensional measurements. 21 We calculated mean measurements for 6 selected cardiac cycles from at least 2 independent scans performed in a randomized blind fashion, with papillary muscles used as a point of reference to ensure that all scans were carried out at the same level. Mean systolic blood pressureand heart rate were obtained from tail cuff measurements on 24-week-old mice by using the Visitech System (Physiological Research Instruments).
Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling Assay and Immunohistochemistry
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays were performed with an in situ cell death detection kit (Roche), according to the manufacturer's instructions. 11 We acquired 6 to 10 images per sections (at least 10 
RNA Extraction, Quantification, and RT-PCR Analysis
Total RNA was isolated from adult mouse organs with TRIReagent (Molecular Research Center) and treated with DNase, using the RNase-Free DNase Set (Fermentas), as previously described. 21 The GAPDH and b-actin housekeeping genes were used as internal controls. 21, 22 All primer sequences are given in Table 1 . Results were analyzed with use of Bio-Rad qPCR software, version 2.0. Primer sequences are shown in Table 1 .
Biochemical Analyses on Blood and Urine Samples
Blood samples and urine samples were collected and analyzed as outlined on the Institute of Mouse Clinic (ICS) website (http://www.ics-mci.fr/).
Contractility of Isolated Aortic Rings
Aortic segments dissected free of fat were mounted on a wiremyograph (DMT) as previously described. 23 Briefly, wires were inserted into the lumen of the arteries and fixed to a force transducer and a micrometer. Arteries were bathed in a physiological salt solution (PSS) of the following composition (in mmol/L): CaCl 2 1.8, KCl 2.7, MgCl 2 0.5, NaCl 136.9, NaHCO 3 11.9, NaH 2 PO 4 1.2, D-glucose 5.5, and HEPES 10. The pH of the solution was 7.4. The isometric tension was recorded using a force-displacement transducer so that isometric force measurements could be performed (Biopac) and recorded using the Acknowledge data acquisition and analysis software (Biopac). The aortic rings were allowed to equilibrate for 30 minutes, during which time the bathing PSS solution was replaced at To investigate insulin-mediated NOS activity, ECs from control and mutant mice were incubated with insulin (10 nmol/L) for 5 minutes. 25 Then, the lysed cell samples were subjected to Western blot analysis using phosphoendothelial nitric oxide synthesis (eNOS) (Ser1177) and eNOS antibodies (Cell Signaling). Samples were treated with peroxidase-conjugated secondary antibody (Santa-Cruz; 1:5000 dilution), and immunoreactivity was detected by using the ECL chemiluminescent detection kit according to the manufacturer's specifications (Amersham Pharmacia). , and 120 minutes after loading, and plasma glucose levels were measured using a Countour TS glucometer (Bayer). For measurement of the plasma insulin levels, 4 hour after fasting, 2 mg/g glucose was administered intraperitoneally. Blood samples were taken at 0 and 15 minutes for measurement of plasma glucose and insulin levels. 26 Plasma glucose levels were measured using the glucose oxidation method, and insulin levels using an ELISA kit, as standardly performed and outlined on the MCI website (http://www.ics-mci.fr/ test_glucose_tolerance.html).
Adenovirus Preparation and Injection
Adenovirus encoding PKR1 were generated as described previusly. 11 Briefly 10 7 pfu/lL PKR1 or control adenovirus (nonrecombinant) was injected 2 times at a 1-week interval via the tail vein of control and mutant mice. All the experiments were performed 2 to 3 weeks after the infections.
PKR1 and Cav-1 Knockdown
Knockdown of PKR1 11 and Cav-1 27 uing small interfering RNA (siRNA) was performed on the ECs as described prreviously. The oligonucleotide pairs of Cav-1 siRNA-1, siRNA-2, and siRNA-3 were used, and the sequences of the sense strands of Cav-1 siRNA-1, siRNA-2, and siRNA-3 are 5′-CCAUCAAUUUGGAGAC UAUtt-3′, 5′-CCACUCAGCAACUGAAUGAtt-3′, and 5′-GUACCU GAGUCUCCAGAAAtt-3′, respectively. To check for specificity, negative control siRNAs was used: 5′-ACGACTAGCCTGAACTC AA-3′. ECs were incubated in a 6-well tissue culture dishes without antibiotics and 24 hours before transfection, resulting in a 60% to 80% confluency. Control siRNAs and specific Cav-1 siRNAs (100 nmol/L) were mixed with Lipofectamine TM2000 (Invitrogen) according to manufacturer's recommendation and added to the cells, respectively. After 6 hours at 37°C, the medium was changed, and the cells were cultivated in DMSO containing 10% FCS for 72 hours.
Statistical Analysis
Data are expressed as meanAESEM. Statistical comparisons for all experiments were performed using Mann-Whitney (for 2 groups) and Kruskal-Wallis (for >2 groups) tests. Exceptionally, statistical comparisons for Oil red O staining of mouse tissues and CD68 staining of macrophages, PECAM-1 and a-SMA staining of vessels, TUNEL staining of mouse tissues, and insulin staining of pancreas were performed using the unpaired Student's t test and ANOVA. P<0.05 was considered statistically significant for all tests.
Results
Inactivation of the PKR1 Gene by tie2-cre-
Mediated Deletion Leads to PKR1 Loss in ECs
The genotype of each mouse was confirmed with PCR on tail biopsy samples ( Figure 1A ). Primer sequences are given in Table 1 . The ec-PKR1 À/À mice harbor the tie2-Cre transgene and are homozygous for the PKR1 floxed allele (PKR1 lox/lox ).
Control mice are tie2-Cre negative and they are PKR1 lox/+ . The endothelium-specific ablation of PKR1 were checked in ec-PKR1 mice, by carrying out double fluorescence staining for the endothelial marker protein PECAM-1 (red) and PKR1 (green) in the aorta and primary aortic ECs. Figure 1D , left panel). PKR1 loss did not alter the expression of PKR2 in the glomerular ECs ( Figure 1E and 1F). Note that PKR2 is not expressed in the aortic ECs. Taken together, we conclude that ec-PKR1 À/À mice lack PKR1 specifically in ECs.
EC-Specific PKR1 Ablation Triggers Defects in Endothelial Relaxation, Proliferation, and Capillary Formation
The ec-PKR1 À/À mouse aortas displayed abundant microaneurysms and high levels of macrophage infiltration ( Figure 2A ). Electron microscopy demonstrated the vacuolization of ECs with macrophage attachments ( Figure 2B ). A tight junction protein, zona occludens-1 immunostaining revealed a disrupted endothelial organization in the mutant ECs ( Figure 2C ). Endothelium-dependent (acetylcholine) relaxation differed significantly between control and mutant mice at the age of 24 weeks ( Figure 2D ). The eNOS, arginase-1, and arginase-2 deficiencies observed in mutant aorta may impair relaxation ( Figure 2E ). PECAM-1 expression was similar in both groups of mice. However, contraction in response to phenylephrine or a calcium channel opener (U46619) and endothelium-independent (sodium nitroprusside) relaxation in aortic rings were similar in mutant and control mice ( Figure 2F ). The endothelium-specific loss of PKR1 did not, therefore, alter aortic vasomotor responses (Table 2) , despite the progressive impairment of endothelium-dependent relaxation. Control primary ECs formed capillary-like structures in response to prokineticin-2 on Matrigel, and these structures connected to anastomozing networks within 16 hours of culture ( Figure 2G ). In contrast, ec-PKR1 À/À ECs largely failed to generate tubes, instead forming aggregates of cells. The proliferation rate was increased by 8-fold in the ECs derived from control mouse aorta, 4 days after treatment with prokineticin-2 (10 nmol/L) and fibroblast growth factor (25 ng/mL). No visible prokineticin-2-mediated EC proliferation was detected in the absence of PKR1 in aortic ECs from ec-PKR1
À/À mice. The fibroblast growth factor response also differed considerably between mutant and wild-type cells , endothelium-specific PKR1 knockout mice; FGF, fibroblast growth factor; NOS, nitric oxide synthase; PECAM-1, platelet-endothelial cell adhesion molecule 1; PK-2, prokineticin 2; PKR1, prokineticin receptor 1; siRNA, small-interfering RNA; SNT, sodium nitroprusside; ZO-1, zona occludens 1.
( Figure 2H ). The siRNA-mediated knockdown of PKR1 expression in primary glomerular ECs induced a defect in the responses to prokineticin (10 nmol/L) ( Figure 2I ). The defective angiogenesis resulting from the impairment of mutant EC proliferation provided the first clue to the mechanisms potentially accounting for the phenotype of mice lacking endothelial PKR1.
The EC-Specific Ablation of PKR1 Triggers Insulin Resistance and Impaired Endothelial Insulin Uptake
The ec-PKR1 À/À mice had symptoms of polyphagia, polydipsia, and polyuria at the age of 24 weeks, despite having a similar body weight to wild-type mice ( Figure 3A) . Moreover, ec-PKR1 À/À mice had high levels of urinary glucose excretion ( Figure 3B , left panel) and high basal serum insulin concentrations (0 minutes) ( Figure 3B , right panel). Control mice displayed a significant increase in serum insulin concentration 20 minutes after glucose injection, whereas no such increase was observed in mutant mice ( Figure 3B , right panel), indicating an impairment of glucose-induced insulin secretion in the mutant mice. GTTs revealed a delayed response to hyperglycemia, with significant increases in blood glucose concentrations observed at 30, 90, and 120 minutes in ec-PKR1 À/À mice at the age of 24 weeks ( Figure 3C , upper panel). These mutant mice also had higher glucose levels in the ITT ( Figure 3C , lower panel). These changes in GTT and ITT were not significant in younger mutant mice (12 weeks old). Thus, ec-PKR1 À/À mice were significantly less sensitive to insulin than control mice, as shown by their higher glucose concentrations in the GTT and ITT and their prediabetic state at the ages of 24 and 36 weeks. Our mice model exhibit hyperinsulinemia and postprandial hyperglycemia as characteristics of type 2 diabetes. We then investigated insulin delivery to ECs, a rate-limiting step in the peripheral action of insulin potentially contributing to insulin resistance. 30, 31 FITC-insulin immunoreactivity (detected with an antibody against FITC) was observed in the ECs and innermost layer of the blood vessel wall in control cardiac, renal, and adipose tissues 10 minutes after its administration. No fluorescence of vessel ECs was detected after non-FICT-insulin injection. However, FICT-insulin uptake in the ECs of the mutant adipose tissue, heart, and kidney was severely affected ( Figure  3D and 3E) . Thus, the transcapillary transport of insulin was defective in the mutant endothelial wall. We then investigated the role of PKR1 in insulin uptake in isolated ECs. Isolated ECs from the cardiac, glomerular, and adipose tissues of control mice took up FITC-insulin within 30 minutes ( Figure 3F, left panel and histogram) . However, very little insulin was taken up by ECs derived from the mutant cardiac, glomerular, and adipose tissues ( Figure 3F , right panel and histogram). We then investigated the effect of PKR1 overexpression in cultured glomerular endothelial cells (glomEC-PKR1) on FITC-insulin uptake. We confirmed that total PKR1 expression (endogenous+infected with adenovirus carrying PKR1 cDNA) was significantly higher (50%AE5% higher) in the transfected cells than in the control cells. The glomEC-PKR1 cells took up 2.5AE0.18 times more FITC-insulin than control cells infected with adenovirus-control (glomEC), over a 30-minute period ( Figure 3G) . We investigated the role of PKR1 in insulin uptake further, by treating these cells with prokineticin-2. This treatment (10 nmol/L prokineticin-2) induced the uptake of twice as much FITC-insulin, in a timedependent manner, in glomEC-PKR1 cells as in glomECs ( Figure 3H ) (*P<0.05 for each), highlighting the role of PKR1 as a positive regulator of insulin uptake.
Next, we investigated whether insulin signaling is altered in mutant ECs. We also found an impaired insulin-mediated NOS activation in all mutant ECs ( Figure 4A and histograms). The eNOS protein levels in all mutant ECs were also lower, consistent with reduced NOS transcriptional levels ( Figure 2E ).
Cav-1 plays an important role in angiogenesis, 32 insulin uptake, 27 and G protein-coupled receptor trafficking. 33 We therefore investigated the levels of this compound in control ECs, ECs overexpressing PKR1, and ECs lacking PKR1. Cal-1 levels were closely correlated with PKR1 expression levels ( Figure 4B and histogram) . Thus, ec-PKR1 mutant mice had low concentrations of Cav-1 in their aortas ( Figure 4B , right panel). Cal-1 knockdown by siRNA for Cav-1 in ECs diminished insulin uptake in ECs overexpressing PKR1, indicating that Cav-1 acts as an intermediary between PKR1 and insulin trafficking ( Figure 4C ).
EC-Specific Ablation of PKR1 Induces Lipodystrophy
We investigated the pathological consequences of impaired EC proliferation and insulin uptake in the tissues to which insulin is targeted. The ec-PKR1 À/À mice had a lower white abdominal fat mass (1.281AE0.19 g) than control mice (1.93AE0.19 g, n=6, P<0.05) at the age of 36 weeks. This is consistent with the slightly lower body weights of mutant mice (35.5AE1.06 g) than of control mice (37.6AE1.39 g) at the age of 36 weeks. The ec-PKR1 À/À mice mouse adipocytes were heterogeneous in size and were interspersed with very pronounced "streaks" ( Figure 5A ) composed of CD68-positive macrophages ( Figure 5B ). Electron microscopy showed the diameter of the mutant vessels to be highly variable in ec-PKR1 À/À adipocytes, which also had small numbers of mitochondria ( Figure 5C ). GTT revealed a delayed response to hyperglycemia, with significant increases in blood glucose concentrations observed at 15, 30, and 60 minutes in ec-PKR1 À/À mice at the ages of 36 weeks ( Figure 5D , left panel). These mutant mice also had higher glucose levels in the ITT ( Figure 5D , right panel). Mutant mice displayed significantly lower levels of capillary formation than control mice, as shown by PECAM-1 staining at the age of 36 weeks ( Figure 5E ). Indeed, hypoxia-inducible factor 1a (HIF1a) transcription were 80%AE5.2% higher in ec-PKR1 À/À adipocytes than in control adipocytes, whereas the expression of proangiogenic genes, such as that encoding vascular endothelial growth factor (VEGF), was unaffected ( Figure 5F ). The ec-PKR1 À/À mice displayed higher levels of fibrillar collagen deposition in adipose tissue ( Figure 5G ), partly due to higher levels of expression of HIF1aÀregulated fibrotic genes, such Figure 3 . The loss of PKR1 leads to insulin resistance and impaired insulin uptake. A, Metabolic cage analyses revealed that ec-PKR1 À/À mice had greater intakes of food (g/24 h) and water (mL/24 h) and a greater urine volume (mL/24 h) than control (L2/L2 +/+ ) mice at the age of 24 weeks. The data shown are meansAESEM (n=6 for all groups, *P<0.05). Body weight (g) was similar in all groups. B, Urinary glucose concentration was higher in the mutant mice. Serum insulin concentration was higher in the mutant mice (n=6 for all the groups, *P<0.05). Glucose-induced insulin release was significant in control mice ( † P<0.05) but impaired in mutant mice, 20 minutes after glucose injection. C, GTT and ITT analyses show impaired glucose clearance and insulin tolerance in the ec-PKR1 À/À mice at the age of 24 weeks (n=6 for each group, *P<0.05). D, Representative illustration of insulin uptake in the blood vessels of the adipose tissue, kidney and heart, 10 minutes after FITC-insulin intravenous injection into L2/L2 +/+ and ec-PKR1 À/À mice. E, The histogram shows that FITC insulin uptake was significantly lower in ec-PKR1
À/À blood vessels than in control blood vessels (n=4, *P<0.05). F, Representative illustration of insulin uptake by ECs derived from the heart (card-EC), glomerulus (glom-EC), and adipocytes (adip-EC) of mutant and control animals, 30 minutes after insulin-FITC loading. No insulin uptake was observed in mutant ECs (histogram, n=3, *P<0.05). Scale bar=30 lm. G, The infection of glomerular ECs with an adenovirus carrying PKR1 cDNA (Adv-PKR1) increased insulin uptake within 30 minutes, as shown by comparison with Adv-control-infected glomerular ECs. Scale bar=10 lm. H, Prokineticin-2 (PK-2) promoted higher levels of insulin uptake in Adv-PKR1-infected cells than Adv-control-infected cells, indicating an essential role for PKR1 in insulin uptake (n=5 for all groups, *P<0.05). Adip indicates adipose; Card, cardiac; EC, endothelial cell; ec-PKR1 À/À , endotheliumspecific PKR1 knockout mice; glom, glomeruli; AGTT, glucose tolerance test; ITT, insulin tolerance test; FITC, fluorescein isothiocyanate.
as those encoding lysyl oxidase (LOX) and collagens 1a1, 1a2, and 3a ( Figure 5F ). TUNEL assays showed apoptosis levels to be higher in mutant than in control adipose tissue ( Figure 5H and histogram). The lower levels of free fatty acid (FFA) transporters FATP-1, FATP-4, and FABP in mutant adipocytes ( Figure 5I ) are associated with the higher serum FFA concentrations in mutant than in control mice (L2/L2 +/+ ) ( Figure 5I , middle). Consistent with the observed lipodystrophy, circulating leptin concentrations were also found to be 50% lower in ec-PKR1 À/À mice than in control (L2/L2) mice ( Figure 5I , right). Levels of mRNA encoding insulin receptor substrate-1 and insulin receptor were also lower in mutant adipoytes than in control cells, by a factor of 1.5AE0.1. Mutant adipocytes were resistant to the action of insulin, as shown by the significantly lower levels of threonine and serine phosphorylation of Akt following insulin stimulation ( Figure 5J ). Thus, ec-PKR1 À/À mice display lipodystrophy accompanied by peripheral insulin resistance.
EC-Specific Ablation of PKR1 Triggers Heart Defects
We next investigated how the cardiovascular system was affected by investigating heart structure and function in ec-PKR1 À/À mice at the ages of 12 and 24 weeks. Posterior wall thickness was thinner in of ec-PKR1 À/À mice (0.84AE0.02 mm) than in control mice (0.75AE0.03 mm) at the age of 12 weeks (n=8, P>0.05). Despite an increase in left ventricular end-systolic diameter, no detectable changes in the heart functions were found in the ec-PKR1 À/À mice at this age (Table 2 ). Histological analysis of the hearts of 24-week-old mice revealed the reduced the ventricular wall in Figure 4 . Impaired eNOS activity and caveolin-1 levels in mutant endothelial cells. A, eNOS was phosphorylated at serine 1177, 5 minutes after insulin (10 nmol/L) treatment of cardiac endothelial cells (cEC), glomerular EC (glom ECs) and adipocyte tissue ECs (adip ECs) from control mice. In contrast, insulin was not able to induce phosphorylation of eNOS in any of the mutant ECs. Note that total eNOS level were reduced in mutant cECs, glom ECs and adip ECs by 60AE7%, 55AE8%, and 40AE5%, respectively (n=3, *P<0.05). B, Representative illustration of calveolin-1 levels. The histogram shows the regulation of calveolin-1 levels by the PKR1 expression level in ECs (blue), ECs overexpressing PKR1 (black) and PKR1-mutant ECs (red) ( † *P<0.05). RT-PCR analyses showed that mutant aortas contained less caveolin-1 than control aortas (n=4, *P<0.05). C, Calveolin-1 siRNA reduced caveolin-1 expression by 75% in ECs within 72 hours. Caveolin-1 knockdown by siRNA (Cav-1-EC) in Adv-PKR1-expressing cells had a lower prokineticin-2-mediated insulin uptake within 15 minutes, compared with ECs expressing a nonspecific siRNA (NC-EC) (*P<0.05). Adv-PKR1 indicates adenovirus carrying prokineticin receptor 1; ec-PKR1 À/À , endothelium-specific PKR1 knockout mice; eNOS, endothelial nitric oxide synthase; siRNA, small-interfering RNA. À/À mice at the age of 36 weeks (n=6 for each group, *P<0.05). E, PECAM-1 immunostaining on cryosectioned adipocytes, showing capillary regression in mutant adipocytes. Scale bar=10 lm. F, RT-PCR analyses demonstrated an increase in the expression of HIF1a but not of VEGF in mutant adipocytes (n=3, *P<0.05). RT-qPCR showed the higher levels of fibrotic gene expression in ec-PKR1 À/À adipocytes than in control L2/L2 +/+ adipocytes (n=3, *P<0.05; scale bar=20 lm). G, Double-staining of collagen VI and a-SMA on cryosectioned adipocytes, showing higher levels of collagen deposition in the mutant adipocytes (illustration and histogram, *P<0.01). H, TUNEL staining of an adipocyte section showing a greater abundance of apoptotic cells in mutant adipocytes than in control adipocytes (*P<0.01). Scale bar=10 lm. I, qPCR analysis showed lower levels of expression of the insulin receptor (IR), insulin receptor substrate (IRS) and free fatty acid (FFA) transporter (FABP, FATP1 and 4) genes (n=3, *P<0.05). Serum FFA concentrations were higher, but leptin concentrations were lower in ec-PKR1 À/À than in L2/L2 +/+ mice (n=6 for all groups, *P<0.05). J, Western blot analyses showed an impairment of Akt phosphorylation (Ser473 and Thr308) 10 minutes after insulin administration (i.p.) in ec-PKR1 À/À adipocytes (n=3, † *P<0.05). ec-PKR1 À/À indicates endothelium-specific PKR1 knockout mice; GTT, glucose tolerance test; HIF1a, hypoxia-inducible factor 1; ITT, insulin tolerance test; PECAM-1, platelet-endothelial cell adhesion molecule 1; PKR1, prokineticin receptor 1; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; SMA, smooth muscle actin; VEGF, vascular endothelial growth factor.
ec-PKR1
À/À mice ( Figure 6A ). Semi-thin sections showed cellular disorganization and disruption in the mutant hearts ( Figure 6B ). Electron microscopy showed undulating ECs, myofibril disorganization, short sarcomeres, and swollen mitochondria. Echocardiography showed the left ventricular end-systolic and end-systolic diameters are significantly higher in 24-week-old mutants than in controls ( Figure 6C ). Consistent with this finding, left ventricular volume was significantly greater during diastole and systole ( Figure 6C and Table 2 ). Shortening fractions (indicators of left ventricular contractility) differed significantly between mutant and control mice at 24 weeks (Table 2) . RT-qPCR analysis showed expression levels of the col1a1, col1a2, and col3A genes to be higher in mutant mice than in controls, consistent with the development of severe cardiac fibrosis in the mutant mice ( Figure 6D ). Levels of expression of hypertrophic genes, such as those encoding atrial natriuretic factor and the b/amyosin heavy chain, were higher in mutant than in control hearts ( Figure 6D ). The level of capillary formation in hearts was significantly lower in mutant mice than in control mice ( Figure 6E ). TUNEL-positive myocardial cells (green) were abundant in mutant hearts ( Figure 6F ), and infiltrating CD68-positive macrophages (red) were twice as frequent in mutant as in control hearts ( Figure 6G, lower panel and histogram) . Insulin-mediated Akt phosphorylation levels were lower in mutant hearts than in control hearts ( Figure 6H ). The ec-PKR1 À/À mice had significantly higher levels of myocardial lipid accumulation than control mice, as shown by Oil Red O staining ( Figure 6I ). The mutants displayed an evident loss of capillaries from the skeletal muscle ( Figure 6J ). Lower levels of insulin signaling and lipid accumulation in the skeletal muscle of ec-PKR1 À/À mice were shown in Figure 6J and 6K.
The lipid accumulation ( Figure 7A ) and capillary levels ( Figure  7B ) in the liver of ec-PKR1 À/À mice were unaffected by the loss of endothelial-PKR1, because hepatic sinusoidal ECs express only PKR2 receptors. 15 In contrast, transcript levels for FFA transporters and insulin receptor were similar in the liver ( Figure 7C ), heart, and skeletal muscles ( Figure 7D ) of mutant and control mice. Note that transcript levels of uncoupling proteins UCP2 and UCP3 (as mediators of thermogenesis and energy balance in skeletal muscle) were similar in ec-PKR1 and control heart and skeletal muscles ( Figure 7D ).
EC-Specific Ablation of PKR1 Triggers Renal Defects
We extended these cellular studies to an in vivo system, by investigating kidney structure and function in ec-PKR1 À/À mice at the age of 12 and 24 weeks. Clear dilatation of the Bowman's spaces was observed in most of the mutant glomeruli, with a compact glomerulus, glomerular fibrosis, and enlarged tubular structures in 12-week-old mice ( Figure 8A and 8B). Electron microscopy of the mutant kidneys showed dilated tubules, with a swollen necrotic nucleus, abnormal mitochondria, and incorrect organization of podocytes within the glomerular structures ( Figure 8C ). At 12 weeks, ec-PKR1 À/À mice had higher levels of absolute renal phosphate (P i ) excretion than control mice ( Figure 8D ), indicating abnormal tubular function. PECAM staining revealed that the level of capillary formation in the kidneys was significantly lower in mutant mice than in control mice ( Figure 8E and histogram). Tubular defects were evident, with lower levels of transcripts for sodium-calcium (NCX-1) and sodium phosphate (NaPi-IIa) exchangers than in control mice. Low levels of the glomerular slit diaphragm protein nephrin may have resulted in abnormal podocyte architectures in mutants ( Figure 8F ). The morphological changes were associated with higher levels of the inflammatory cytokine transforming growth factor-b in mutant kidneys at the age of 24 weeks. The glomeruli of mutant kidneys contained significantly larger numbers of TUNEL-positive cells (green) than those of control kidneys ( Figure 8G and histogram) . Insulin-mediated Akt phosphorylation (serine 473) was significantly impaired in mutant kidneys at the age of 24 weeks ( Figure 8H ). Lipids accumulated ectopically in the kidneys of ec-PKR1 À/À mice, as shown by Oil Red O staining ( Figure 8I ). All urinary ion levels (mmol/L) were lower in ec-PKR1 À/À mice than in controls, because of high rates of urine flow over a period of 24 hour at the age of 24 weeks (Table 3) . Thus, endothelial-PKR1 regulates glomerular and tubular capillary formation and renal metabolism and functions.
EC-Specific Ablation of PKR1 Triggers Hypertrophy of Pancreas b Cells
We investigated whether insulin resistance induced a compensatory expansion of b-cell mass leading to hyperinsulinemia in mutants, by determining the number of pancreatic b cells and insulin levels in ec-PKR1 À/À and L2/L2 +/+ mice.
The number of insulin-positive beta cells did not differ significantly between these 2 groups of mice ( Figure 9A and 9B, left panel, *P<0.05). In contrast, insulin-positive cells were larger in the mutant pancreas, as demonstrated by Reversal of the Disorders in ecPKR1 À/À Mice by the Forced Expression of PKR1 We investigated whether it was possible to rescue this phenotype by forced PKR1 expression in ec-PKR1 À/À mice. It has been shown that, when delivered intravenously directly into the bloodstream, adenoviruses first encounter the heart and lungs and then travel to the periphery via the aorta and arteries before being distributed to the liver, spleen, and kidneys. 34 A recombinant adenovirus carrying PKR1 cDNA (Adv-PKR1) was delivered intravenusly to ec-PKR1 À/À and control mice. This intravenous injection of Adv-PKR1 led to a tripling of PKR1 levels in the adipocytes of control mice 2 weeks after infection. The aortic ECs clearly expressed PKR1 after the infection of ec-PKR1 À/À mice with Adv-PKR1 ( Figure 10A ). In each case, L2/L2 mice infected with the Advcontrol were identical to untreated mice. The difference in capillary formation in the adipose tissues control and mutant mice was abolished by Adv-PKR1 treatment ( Figure 10B and histogram). Endothelial insulin uptake in mutant mice was restored by Adv-PKR1 infection ( Figure 10C ). The rescue of PKR1 expression by the injection of an adenovirus into ec-PKR1 À/À mice resulted in lower levels of food and water intake and urine volume than in ec-PKR1 À/À mice treated with Adv-control ( Figure 10D ). Similarly, glucose intolerance and insulin resistance in ec-PKR1 À/À mice were clearly attenuated by PKR1 replacement ( Figure 10E ). Consistent with this finding, the serum insulin and creatine phosphokinase concentrations of mutant mice after PKR1 gene replacement were similar to those of control mice treated with Adv-PKR1 or Adv-control ( Figure 10F ). The genes involved in FFA (FABP, FATP1, and FATP4) uptake and insulin signaling (insulin receptor and insulin receptor substrate-1), were significantly more strongly expressed in the adipocytes of ec-PKR1 À/À mice treated with Adv-PKR1 than in those treated with Adv-control ( Figure 10G ). The strong expression of hypertrophic markers in mutant hearts was significantly decreased by the Adv-PKR1 treatment of mutant mice ( Figure   10H ). Similarly, the differences in expression of the NaPi, NCX, TGF-b, nephrin, and FLK1 genes in between mutant and control kidneys were abolished by the treatment of mutant mice with AdV-PKR1 ( Figure 10I ). Thus, forced PKR1 expression in the ec-PKR1 À/À mice rescued the observed phenotype.
Discussion
Our results highlight a novel role for endothelial-PKR1 signaling in cardiac, renal, and metabolic functions by orchestrating the survival, proliferation, and insulin uptake of the ECs. Moreover, PKR1 loss in the endothelium results in capillary refraction, the impairment of endothelium-dependent relaxation, apoptosis, fibrosis, and changes in insulin signaling, leading to lypodystrophy, insulin resistance, and heart and kidney defects ( Figure 11 ). The defective tube formation by ECs derived from ec-PKR1 À/À mice results from impaired EC proliferation-an important step in angiogenesis. 35 The impaired capillary formation observed in the ec-PKR1 À/À heart, kidney, and adipose tissue identifies PKR1 as a regulator of angiogenic programs in adult tissues. These findings are supported by in 38 A nitric oxide deficiency of endothelial origin is thought to be the primary defect linking insulin resistance and endothelial dysfunction. 39 Concomitantly, we found an impaired insulin uptake and insulinmediated eNOS activation in all mutant ECs. Thus, impaired insulin delivery in ECs may lead to defective NOS and eNOS activation in the ec-PKR1 À/À aorta, consequently impairing endothelium-dependent relaxation. PKR1 loss is accompanied by impaired proliferation, capillary formation, and insulin uptake. Conversely, PKR1 overexpression promotes insulin uptake in ECs and angiogenesis. 15 Transcapillary insulin transport is the rate-limiting step in the peripheral action of insulin, and the impairment of these processes contributes to insulin resistance. 30, 31 Accordingly, impaired insulin delivery and signaling in ECs have been shown to cause insulin resistance in skeletal muscle. 2 Impaired endothelial insulin transport has been observed in cases of insulin resistance with type 2 diabetes and obesity. Our in vivo and in vitro data clearly show that PKR1 controls endothelial insulin uptake, via Cav-1 signaling. Cav-1 is required for insulin uptake by ECs 27 and plays an important role in the process of angiogenesis. 32 Cal-1-null mutant mice also have vascular abnormalities, due to aberrant endothelial function, 40 lipodystrophy-dependent insulin resistance, and heart and kidney defects, [41] [42] [43] resulting in a phenotype similar to that of ec-PKR1 À/À mice. Gaq-Cav-1 interactions promote the internalization of receptors, including G protein-coupled receptors and insulin receptors. 33 We found that protein and mRNA levels for Cav-1 were closely correlated with PKR1 expression levels in ECs and that PKR1 could not mediate insulin uptake in the absence of Cav-1. We are currently investigating possible crosstalk between PKR1 and insulin signaling via Cav-1 in ECs.
What are the consequences of capillary loss and a lack of endothelial insulin uptake for peripheral organ function? Recent reports have suggested that adipose tissue expansion may be inhibited due to a decrease in the vascularization of adipose tissue. This leads to lipotoxicity, due to higher levels of lipolysis and/or ectopic fat deposition. 44 Accordingly, impaired capillary formation in ec-PKR1 À/À mice results in a low adipose mass. Lipodystrophies, involving a loss of white adipose tissue, cause hyperphagia and peripheral insulin resistance, 45 as observed in ec-PKR1 mutant mice. The impairment of insulin signaling in ec-PKR1 À/À adipocytes may also impair the antilipolytic action of insulin, increasing the rate of FFA release from adipose tissues and preventing the release of leptin. Hyperphagia is another consequence of lipodystrophy, due to the lower levels of leptin 46 in ec-PKR1
À/À mice. Consistent with the observed lipodystrophy, inflammation was also detected, in the form of macrophage infiltration and fibrosis in the adipose tissues of ec-PKR1 À/À mice. Thus, the adipose tissue of ecPKR1 À/À mice plays an important role in the maintenance of systemic insulin sensitivity. The islet compensatory response to the greater demand for insulin due to insulin resistance is involved an increase in b-cell size in , endothelium-specific PKR1 knockout mice; FFA, free fatty acid; MHC, myosin heavy chain; NCX-1, transcripts for sodium-calcium; PECAM-1, platelet-endothelial cell adhesion molecule 1; PKR1, prokineticin receptor 1.
ecPKR1
À/À mice. The loss of capillaries in the skeletal muscle, together with limited endothelial insulin uptake and insulin signaling, may also contribute to abnormal systemic GTT and ITT results. The endothelium-specific ablation of angiogenic factors, such as fibroblast growth factor 47 and platelet-derived growth factor, [48] [49] [50] by tie-2 cre/LoxP technology in mice also leads to heart and kidney disorders. A loss of endothelial fibroblast growth factor signaling has been shown to induce cardiomyocyte apoptosis. 47 Hence, the loss of ventricular mass in ec-PKR1 À/À mice is due to high rates of capillary formation loss and apoptosis. The remaining viable heart muscle is subject to greater biomechanical stress, triggering a hypertrophic response. The ec-PKR1 À/À mouse heart displayed EC dysregulation, capillary refraction, apoptosis, fibrosis, and ectopic lipid deposition, resulting in an impairment of diastolic function. Impaired Akt activity in response to insulin is also a common feature of diabetic cardiomyopathy. 51 These pathologies are considered to be important in the development of diastolic dysfunction and its progression to systolic dysfunction and heart failure in diabetic hearts. 52 Ectopic lipid accumulation, apoptosis and fibrosis, impaired insulin signaling, and high levels of phosphate excretion in urine are implicated in the development of diabetic nephropathy. 53 An antiphosphaturic effect of insulin has been documented in animals and humans. 54 Impaired insulin signaling, together with low sodium, potassium, and calcium exchanger levels, may contribute to the high levels of phosphate excretion in urine of ec-PKR1 À/À mice. At the age of 24 weeks, mutant mice displayed high levels of creatinine clearance and urine volume, potentially contributing to an increase in water intake. PKR1-null mutant mice have been shown to display severe structural and functional defects of their hearts and kidneys, including impaired systolic dysfunction and proteinuria at older ages. 17 The ec-PKR1 À/À mouse model provides insight into the common mechanism, endothelial dysfunction, partially underlying the pathological features of PKR1-null mutant hearts and kidneys. The ECs lining the vasculature throughout the body are a massive sink for any adenovirus. 34 The rescue of PKR1 expression by adenovirus injection in ec-PKR1 À/À mice restored capillary formation and endothelial insulin uptake and glucose and insulin sensitivity, thereby correcting polyphagia, polydipsia, and polyuria. Thus, endothelial PKR1 serves as a positive regulator of insulin sensitivity. The levels of markers of cardiac and renal disease in ec-PKR1 À/À mice were decreased by adenoviral PKR1 treatment. Our data are consistent with previous findings showing that PKR1 gene transfer by adv-PKR1 protects the heart against myocardial infarction-induced damage.
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In summary, we have shown that endothelial dysfunction resulting from loss of PKR1 function is the principal mechanism for cardiovascular and renal disorders and insulin resistance in ec-PKR1 À/À mice. As prokineticin or PKR1 levels have been shown to be altered in human patients with abdominal aortic rupture, 55 during human end-stage cardiac Figure 11 . Schematic illustration of phenotype of endothelium-specific PKR1 knockout mice (ec-PKR1
À/À mice). Loss of prokineticin receptor 1 (PKR1) in endothelial cells leads to endothelial dysfunction characterized by defects in endothelial proliferation rate, capillary formation, transendothelial insulin uptake, and insulin signaling (eg, nitric oxide synthase [NOS] Akt activity) leading to cardiomyopathy, renal disorders, lypodystrophy. At the later age, insulin resistance was evident in these mutant mice.
failure, 11 and in obese human adipose tissues (C. G. Nebigil, unpublished observations) and considering that chronic administration of prokineticin 2 reduces food intake and body weight in a mouse model of human obesity, 56 our data indicate a new avenue in the development of preventive and therapeutic strategies for these disorders, specifically targeting PKR1. Indeed, it is conceivable that the therapeutic correction of endothelial dysfunction by using PKR1 agonist(s) can combat insulin resistance, diabetes, and cardiovascular and renal diseases.
Study Limitations
We have found that ec-PKR1 À/À mice exhibit capillary regression and impaired insulin uptake in EC cultures at early ages (6 and 12 weeks), persisting at later ages (24 and 36 weeks). However, they displayed impaired structure and function of the heart and kidney at the ages of 12 and 24 weeks and significant alteration in GTT and ITT at the ages of 24 and 36 weeks. Therefore, EC dysfunction was observed before the occurrence of insulin resistance, indicating that endothelial dysfunction is not a consequence of insulin resistance but rather the consequence of a lack of PKR1 signaling within ECs. PKR1 is not expressed in all ECs of the body; for instance, it is not expressed in liver ECs, and there were no detectable structural or functional changes of this organ ec-PKR1 À/À mice. This further indicates that endothelially expressed PKR1 drives the observed phenotype. ECs are certainly important in the brain/central nervous system. In this study, we did not address whether there are alterations in the ECs of the brain in ec-PKR1 À/À mice that might be a possible contributor to some of the changes noted. Our mutant mice represent a novel model to study the link between endothelial dysfunction and insulin resistance accompanied by cardiac and renal defects.
